INTRODUCTION
With the rapid development of intelligent transportation systems [1] and automobile [2] technology, fully automated vehicles have arouse many researchers' attention due to various potential applications, for example reducing traffic congestion and traffic accidents, etc [3, 4, 5] . Fully automated vehicles are comprehensive applications of multi-discipline knowledge and theories, in which perception, decision and control are the three main components of the software configuration [6] . In the aspect of control, one of the most important issues of fully automated vehicles is the path tracking problem [7, 8] . In general, path tracking for fully automated vehicles could be accomplished by steering control and velocity control [9, 10] according to the information of current vehicle dynamic states and the road in front of vehicle [11] . Steering control not only calculates and manipulates steering wheel to guide vehicles along the lateral path, but also related to lateral stability of vehicle. Therefore, it is a hot discussion for researchers [12] .
The mainly discussed path tracking scheme is pure-pursuit tracking method [13] , which considers vehicle as a rigid point with mass and it should track the desired path obtained by different methods [14] . Under this framework, a fuzzy logic controller for the path tracking of a wheeled mobile is presented in [15] . The controller is highly robust and flexible and it follows a sequence of discrete way-points, automatically. In [16] , a robust H ∞ output-feedback control strategy for the path tracking of fully automated vehicles is presented. Besides, external disturbances of fully automated vehicles are considered here. For four-wheel independently actuated autonomous ground vehicles, a output constraint strategy using hyperbolic projection method and a integral sliding model-based composite nonlinear feedback control technique are presented in [17, 18, 19] , respectively to deal with the lateral offset. The methods mentioned above could track the desired path of fully automated vehicles effectively. However, most of these control schemes are developed based on one-dimension vehicle-road model. It regards vehicle as a rigid point and uses a continuous curve or discrete points to describe the desired path. Compared with practical vehicle running situations, it may cause collisions when tracking a more complex road ignoring the size and shape of fully automated vehicles. Moreover, it is easy to run out of the feasible road region due to neglecting of the width of the path when using centerline to describe the desired path.
With the rapid development of online optimization [20] and hardware implementation [21] , model predictive control (MPC) has attracted many focus on discussing vehicle active safety [22, 23, 24, 25] and path tracking issue of fully automated vehicles [7, 26, 27] . In [28] , a nonlinear MPC method is presented to discuss path tracking control for autonomous vehicle system. In [6] , it introduces an alternative MPC-based control framework that integrates local path planning with path tracking, in which the nominal path is commonly described in terms of curvature and arc 2 length. In [8] , a collision avoidance system for an autonomous vehicle is presented, which consists of a motion planner and MPC-based active vehicle steering and active wheel torque control. MPC is able to systematically handle the constraints on state and control, and predict the dynamics of vehicle system, while generating an optimal sequence of control actions within a finite horizon based on the optimization technique. Accordingly, it is hot discussed and employed in vehicle path tracking issues. Therefore, the proposed methods above could track the desired path. However, the modelling error is not considered in the MPC approaches mentioned above which may affect control accuracy [29] . In addition, the path to be tracked is determined first, and could not changed.
Moreover, the width of the vehicle is not considered, too. In order to solve those issues mentioned above, modelling error should be taken into consideration of the presented MPC method. The size and shape of vehicle, the width of the desired path should be considered. Moreover, the path to be tracked should be decided according the road information previewed ahead. The issues are preliminary discussed in [30] , in which the description of path tracking for fully automated vehicles is carried out, and constraints that are used to restrict the vehicle position is considered. However, the influence of modelling error to path tracking precision has not been discussed. Besides, the path tracking controller is designed without considering different previewed road information.
In order to further discuss path tracking issue mentioned above, extended the path tracking scheme in [30] , dual-envelop-oriented path tracking issue for fully automated vehicles is originally described in this manuscript. It takes the shape of vehicle as inner-envelop (I-ENV) and the feasible road region that considers the road width as outer-envelop (O-ENV). Then, a moving horizon path tracking controller employing implicit linear MPC method is designed considering the road boundaries, and actuator saturation as constraints. In order to obtain better control accuracy, the proposed MPC-based moving horizon path tracking scheme is considered the following aspects: the modelling error is discussed in the vehicle model, and the sample time and predictive horizon are varied according to road curvature. Finally, veDYNA-Simulink joint simulations are carried out to specify the effectiveness of the proposed moving horizon path tracking method.
The main contributions of this paper lie in two aspects: (1) The original description of dualenvelop-oriented path tracking issue of fully automated vehicle is presented which considers the shape of vehicle as inner-envelop and feasible road region as outer-envelop. ( 2) The moving hori-zon path tracking controller that adopts varied sample time and varied prediction step is proposed, which could deal with the modelling error and increase path tracking precision effectively.
The remainder of the paper is organized as follows. Section 2 presents the dual-enveloporiented path tracking problem. In Section 3, vehicle model is built and MPC-based moving horizon path tracking controller is designed. Simulations are carried out in Section 4. Brief conclusions of this paper are presented in Section 5.
2. Dual-envelop-oriented path tracking issue for fully automated vehicles
Dual-envelop-oriented path tracking issue
Considering the width and length of vehicle and the feasible road region in path tracking problem, a dual-envelop-oriented path tracking issue is shown in Fig. 1 . The O-ENV that describes the feasible road region is represented by three curves: the centerline f (x), the left boundary f l (x) and the right boundary f r (x). The left and right boundaries could be obtained by onboard camera.
The I-ENV that represents the vehicle running in the feasible region is described as a rectangle, in which the width of vehicle is expressed as w and the length is described as l. Then the dualenvelop-oriented path tracking problem of fully automated vehicles could be split into two parts: searching the optimal path and tracking the optimal path.
When searching and tracking the optimal path in the dual-envelop-oriented region, it is essential to avoid crashing the road boundary in order to ensure the safety of fully automated vehicles.
Based on the relationship between I-ENV and O-ENV, the aim could be achieved by restricting the lateral positions of the vehicle front end F and the rear end R within the O-ENV, that is
In addition, in order to simplified the path tracking problem, the I-ENV is shrink as a rigid bar. Accordingly each boundary of O-ENV is subtracted by a half width of vehicle to ensure the rationality of the simplification. Therefore, the simplified O-ENV could be described as 
where y i , i = F, R represents the lateral positions of the front end and rear end, respectively. Moreover, in order to keep vehicle running stably, it is better to make the vehicle follow the road centerline. It means that the difference between lateral vehicle position y and road centerline f (x) should be as small as possible.
Outer-envelop determination
Considering the road information obtained from onboard sensors in the inertial coordinate system and the controller design based on the center of gravity (CoG) coordinate system, the In order to describe the O-ENV, the cubic Lagrange interpolator is used to describe the two boundaries, in which the right boundary f r (x) and left boundary f l (x) could be written as:
Where, j, k, n and m represent four road data points in the given previewed points, which are selected through the quadratic search algorithm shown in Fig. 2 . 
Where, x r ( j) and x l ( j) are the horizontal displacement of S r j and S l j , separately, x r ( j + 1) and x l ( j + 1) are the horizontal displacement of S r j+1 and S l j+1 shown in Fig. 2 respectively, and (S r j , S l j ) is a set of points that is the nearest and behind CoG of vehicle.
The searching process will continue in order to obtain the closest point to the preview point. It consumes the determined points in Eq. (6) as start point should satisfies the following equations
Where the length of the O-ENV is selected as v · T . Besides T = 1 and v is longitudinal velocity of
CoG. In addition, x r (k) and x l (k) are the horizontal displacement of S r k and S l k , respectively, x r (k + 1) and x l (k + 1) are the horizontal displacement of S r k+1 and S l k+1 , separately, and (S r k+1 , S l k+1 ) is a set of the nearest point to (S r k , S l k ). When the above equations are satisfied, it is specified that the closest point to the preview point is (S r k , S l k ).
The two sets of points (S r j , S l j ) and (S r k , S l k ) are regarded as the first and final interpolation points, respectively. The positions of the four road data points are expressed as j, k, n and m, then the other two interpolation point can be calculated as
Where n represents the position of (S r n , S l n ), and m represents the position of (S r m , S l m ).
When the O-ENV is determined, the road centerline could also be expressed as follows
Moving horizon path tracking controller design
In this section, vehicle model is described, and then the moving horizon path tracking controller with varied sample time and varied predictive horizon is presented. 
Vehicle model
Assuming vehicle as a rigid body with non-deformable wheels, the kinematic of vehicle could be obtained according to the geometry relationship described in Fig. 3 (a),
where x o and y o are the longitudinal and lateral positions of CoG, r is the yaw rate, β is the Therefore, it assumes sin(ψ + β ) ≈ ψ + β , cos(ψ + β ) ≈ 1 reasonably. Accordingly, the model could be described asẋ
8 Moreover, regarding the vehicle dynamics that is shown in Fig. 3 (b) , the vehicle body coordinate system with the origin at CoG is defined. The direction of longitudinal velocity points to forward and the lateral velocity points to the left, the directions of vertical velocity, and other forces and torques are ascertained by the righthand rule. Assuming the longitudinal velocity is constant, the lateral dynamics of vehicle according to the Newton's Law could be derived as follows
where m is the vehicle mass, I z is the moment of inertia of the vehicle around z-axis, a and b are the distances from the center of gravity to the front and rear axles, respectively, F y f and F yr are the front and rear lateral tire forces, respectively, and δ f is the front wheel steering angle. The linear tire model is employed to describe the front and rear lateral tire forces
where C f , C r are the cornering stiffness of tire, respectively. In addition, considering the front wheel steering angle is small when the vehicle runs stably, the approximation is carried out sin δ f ≈ 0, cos δ f ≈ 1. Therefore, the front and rear tire sideslip angles of vehicle α f and α r could be approximate as follows [29] 
Then substituting Eq. (13) and Eq. (14) into Eq. (12), and combined with Eq. (11), the lateral dynamics of fully autonomous vehicle could be described as followṡ
Selecting lateral position y o as output, front wheel steering angle δ f as input, and x = [y o ψ β r] as the states, then the system shown in Eq. (15) could be described as followṡ
where
Then, by discretizing Eq. (16) at sample time T s with Euler method, the discrete-time model could consequently obtained as follows
where 
Path tracking controller design based on MPC
Considering the road and traffic are all varied instantaneously, it needs fully automated vehicle to make decision in each sample time correspondingly. In addition, the feasible region obtained from the above subsection restricts the vehicle lateral position, which is considered as constraints of system. Therefore, model predictive control approach is introduced to discuss moving horizon path tracking controller design.
prediction
The control scheme for dual-envelop-oriented path tracking issue of full automated vehicles is shown in Fig. 5 . Due to the vehicle states estimation schemes have already been discussed extensively in [32, 33, 34] , it is assumed that the vehicle velocity, yaw angle, sideslip angle and tire-road friction coefficient could be estimated directly. In addition, the control of actuator that is steering motor is not considered in this manuscript. The road information module in Fig. 5 is used to obtain the boundary information of O-ENV, which has been introduced in the above subsection. Suppose that the predictive step is P, the control step is N. According to the current fully automated vehicle's state, the future vehicle states could be predicted as follows
When the sample time exceeds the control step N, it assumes that the control input keeps invariant,
. In this case, the output expression could be predicted as:
. . .
By defining the vectors and matrices as follows: 
the N steps of the prediction state and output equation can be summarized as
According to the analysis of the dual-envelop-oriented path tracking problem described in Section 2, one of the control requirement is making fully automated vehicles travel along the centerline of the road region as far as possible, thus the reference input sequence is defined as:
where f (k + i − 1) comes from the discretization of the centerline that is computed in Eq. (9).
optimization
Then in order to follow the centerline in the given feasible region, it requires to minimize the difference between the predicted output and road centerline, that is
In addition, considering the saturation of mechanical system, the action of steering wheel motor is limited. Accordingly, the requirement is formulated as minimizing:
Besides, it ensures that fully automated vehicles consume a low energy by minimizing driving route as follows
lateral distances in a sample time, respectively. 14 Considering minimizing J 1 , J 2 and J 3 simultaneously is contradictive, weighting factors are introduced. Accordingly, the multi-objective cost function could be obtained as follows:
where According to the geometric relationships, the movement direction of the vehicle shown in Fig. 6 and small angle assumption [29] , the relationship among vehicle lateral position y o , front-end F and rear-end R could be described as 
Substituting Eq. (27) into Eq. (3), then the output of the vehicle system is considered to satisfy the following constraints in discrete form
where Moreover, considering the mechanical characteristic of steering actuator, it bounds the steering variation and steering rate. In order to ensure a practical control variable, the following constraints of control input and its variation are also considered as follows
the maximum front steering wheel angle and δ f min is the minimum front steering wheel angle.
The maximum and minimum front steering wheel angle could be computed from corresponding steering wheel angle, that is δ f max = δ max ρ and δ f min = δ min ρ . Where ρ is the steering gear ratio, δ max is the maximum steering wheel angle and δ min is the minimum steering wheel angle. The maximum and minimum steering wheel angle is constant for a certain vehicle. In fact, the steering gear ratio is affected by longitudinal velocity mainly and also influenced by some other road parameters. Due to the longitudinal velocity is considered constant here, it consumed that the steering gear ratio is constant and accordingly the maximum and minimum front steering wheel angle is computed as constant here. For further research, the varied steering ratio will be considered in details. In conclusion, the dual-envelop-oriented moving horizon path tracking problem can be described by the following optimization problem
After successfully solving the model predictive control problem where 'fmincon' in Matlab is employed considering future expansion research, the first element of the optimal control sequence U(k) is applied to the vehicle system. Then the predictive horizon is moved forward one interval, and the optimization problem is solved again by using new process measurements.
Discussion of parameters choosing
The chosen of sample time T s and predictive horizon are discussed here because of sample time (a) that the smaller sample time T s and the smaller tracking error, the better control performance.
However, the decrease of sample time, the amplitude of front steering angle is increased that is shown in Fig. 7 (b) . Accordingly, the amplitudes of yaw rate, sideslip angle and lateral acceleration shown in Fig. 7 considering road curvature is a key factor for path tracking, a varied sample time strategy based on road curvature is adopted that is similar with [35] in the controller design
is the two order derivative average of the desired road, function of round(·) is round up and round down, ω is contraction factor. Fig. 8 , clearly. It could be seen from Fig. 8 (a) that the tracking error is relatively bigger than others when the predictive horizon is smaller than 1s.
It is even unstable when the predictive horizon is smaller than 0.8s that could be concluded from Fig. 8 (b) and (c). Therefore, it could be concluded that the smaller predictive horizon will be, the larger tracking error could be obtained. Accordingly, the vehicle could not keep stable in this situation. Moreover, it can be seen from Fig. 8 (d) that the lateral acceleration could be achieve more that 5 m/s 2 when the predictive horizon is larger than 0.8s. In addition, the premature vehicle turning could happen when the predictive horizon is larger than 1.2s seen from Fig. 8 (a) , clearly. Therefore, the predictive horizon ranges from 0.8 to 1.1, that is t p ∈ [0.8 1.1]. Furthermore, according to the predictive characteristic of human driver, the varied predictive horizon is adopted as follows t p = round(80 + 30 · e −ω·PGC )/100.
It could be concluded from Eq. (31) and Eq. (32) that the variance of predictive horizon keeps consistent with sample time, which are reduced by the increasing of road curvature. It will relieve the situation that the computational cost is increased with the sample time decreased. Therefore, the varied sample time and predictive horizon release the computational burden, effectively.
Simulations
In order to verify the effectiveness of the proposed dual-envelop-oriented moving horizon path tracking method, high-fidelity software veDYNA is employed here. veDYNA is a proven and Based on the high-precision vehicle model, the effective verification and comparisons between the presented method and its original form that is not consider modelling error are carried out. In addition, the parameters of Hongqi vehicle HQ430 used here are shown in Table 1 . 
Double lane change manoeuver
Various running conditions are carried out to test the effectiveness of the proposed dual-enveloporiented moving horizon path tracking method. Considering it is easily unstable as vehicles make a sharp turn, double lane change manoeuver is carried out on dry asphalt pavement with tire-road friction coefficient µ = 0.9 and v = 90 km/h to verify the effectiveness of the proposed path tracking method. The simulation results are shown in Fig. 11 , where the path trajectory of vehicle is shown in Fig. 11 (a) , the computational time of the proposed controller is given in Fig. 11 (b) , and the yaw rate and sideslip angle could be seen in Fig. 11 (c) and (d) , respectively. The dot in It can be seen from Fig. 11 (a) that the controlled vehicle keeps running in the O-ENV, which
indicates that the presented dual-envelop-oriented moving horizon path tracking controller performs well on the dry asphalt pavement. Moreover, the lateral tracking error is decreased when the optimization issue in Eq. (30) is described using the improved model in Eq. (21) . In addition, the computational time is also decreased as shown in Fig. 11 (b) using the improved model. The tracking error is further decreased and the computational time is further decreased by introducing varied sample time. Moreover, better tracking error and computational time could be obtained using the varied predictive horizon compared with varied sample time which could be seen from 
Slalom maneuver
In order to further verify the effectiveness of the improved dual-envelop-oriented moving horizon path tracking method, slalom maneuver is carried out on the dry asphalt pavement with tireroad friction coefficient µ = 0.9 and v = 65 km/h. The simulation results of path trajectory, computational time, yaw rate, and sideslip angle could be seen from Fig. 12 (a) -(d Fig. 12 (a) and (b) . Moreover, It is shown in Fig. 12 (c) and (d) that the yaw rate and sideslip angle could also be improved to some extent by enhancing the precision of vehicle model. It specifies that the better tracking performance could be obtained using the proposed dual-envelop-oriented moving horizon path tracking method in slalom maneuver condition.
Besides the above simulations, the proposed dual-envelop-oriented moving horizon path tracking method is verified on the slippery road and the similar results could be obtained. Due to space limitation, the veDYNA-Simulink joint simulations are not presented here. Based on these simulation results in different running conditions, the proposed algorithm obtains good path tracking performance. Besides, it could be seen that the controlled vehicle obtains improved stable performance along with the improved vehicle model, varied sample time, and varied predictive horizon.
Therefore, the proposed dual-envelop-oriented moving horizon path tracking method could be applied to various vehicle running conditions.
Effectiveness validation of inner-envelop and outer-envelop
In order to specify the effectiveness of the dual-envelop, the proposed path moving horizon tracking method is verified without inner-envelop and dual-envelop, respectively. The vehicle runs in the double lane change manoeuver at the speed of v x = 88km/h with tire-road coefficient is µ = 0.6. The comparison results between the proposed dual-envelop-oriented path moving horizon tracking method and the path tracking method that did not consider the inner-envelop and dual-envelop are shown in Fig. 13 (a)-(d) , clearly. In Fig. 13 (a) the dotted line represents the path moving horizon tracking method that did not consider the inner-envelop, the dash dotted line stands for the presented method that did not consider the dual-envelop, and the solid line represent the proposed method in this manuscript that both consider the inner-envelop and outer-envelop.
The lines in Fig. 13 (b) and (c) contains the same implications.
It can be seen from Fig. 13 (a) that the controlled vehicle keeps running in the O-ENV when the I-ENV is not consider as constraints. However, the tracking precision is worse than the proposed method that taken the I-ENV as constraints. Besides, the front steering angle shown in Fig. 13 (b) is larger when the relative big tracking error obtained. It is specified that it is effective considering the I-ENV in the proposed path moving horizon tracking method. When the dual-envelop both are not considered as constraints in the presented method, the vehicle can not track the desired road and the trajectory went beyond the road boundary constraints that can be seen in Fig. 13 (a) , clearly.
Moreover, the vehicle can not keep stable in this situation that could be seen in Fig. 13 (c)-(d) , respectively. It indicates that it obtains actual benefit when considers the dual-envelop as constraints in the proposed controller in this running condition. Therefore, it is necessary to consider the I-ENV and O-ENV in the presented method, and is actually important to consider the dual-envelop to path tracking issues.
Besides the situation discussed above, it can be seen from Fig. 13 (d) that the sideslip angle 29 sometimes reaches a peak value of about 6 • in dual-envelop considered situation. Compared to the situation that did not consider the I-ENV, the boundaries is not reduced by half width of vehicle.
The vehicle running region is relatively larger than dual-envelop considered situation. Therefore, sideslip angle is smaller than the dual-envelop considered situation. In addition, from the respective of optimization, the reason maybe that in the optimization function, the main objective is to make the vehicle follow the road centerline and keep the vehicle in the O-ENV. The vehicle states, for example sideslip angle and yaw rate did not considered here. In order to obtain the optimized value of front steering angle to follow the road centerline line, sometimes the performance of sideslip angle is affected. Therefore, it is necessary to consider the constraints of sideslip angle in controller formulation and it will discussed in details in our further work. The optimized front steering angle shown in Fig. 14 (b) is regulated by the controller accordingly when the tire-road friction coefficient is varied. It also makes small variation of yaw rate and sideslip angle that shown in Fig. 14 (c) and (d) , respectively. Considering from the respective of vehicle dynamics, the vehicle dynamic state is changed when the control input that is front steering angle varied. From the above simulation results, it is specified that the proposed dual-enveloporiented path moving horizon tracking scheme could finish the double lane change manoeuver mentioned above facing quick variations of tire-road friction coefficient. It could also concluded that the proposed path tracking controller is robust facing quick variation of tire-road coefficient in this situation.
CONCLUSION
Dual-envelop-oriented moving horizon path tracking issue for fully automated vehicles is described uniquely in this manuscript, in which the shape of vehicle is considered as inner-envelop (I-ENV) and the feasible road region is described as outer-envelop (O-ENV). Then the moving horizon path tracking method is proposed employing model predictive control (MPC) method, in which the front wheel steering angle is selected as the control variable, and the actuator constraints are also considered. Moreover, the proposed dual-envelop-oriented path tracking method is discussed from the aspects of modelling error, varied sample time, and varied predictive time.
The proposed dual-envelop-oriented moving horizon path tracking method is verified effective in double lane change manoeuver, slalom manoeuver, and tire-road friction coefficient varied, etc running condition and keep fully automated vehicle run safely and stably. Moreover, the presented path tracking method could obtain better tracking precision.
For further research, the varied constraints of maximum and minimum front steering wheel angle will be considered. In addition, the heading angle error should be discussed in details, and the constraints of vehicle states such as yaw rate, yaw angle and sideslip angle should be considered. 
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